The purpose of this study was to investigate the effect of long-term water immersion or thermal shock on the mechanical properties of high-impact acrylic denture base resins. Two high-impact acrylic denture base resins were selected for the study. Specimens of each denture base material tested were fabricated according to the manufacturers' instructions (n=10). The flexural strength at the proportional limit, the elastic modulus and the impact strength of the specimens were evaluated. The flexural strength at the proportional limit of the high-impact acrylic denture base resins did not change after six months' water immersion or thermocycling 50,000 times. The elastic moduli of the high-impact acrylic denture base resins significantly increased after six months' water immersion or thermocycling 50,000 times. The impact strengths of the high-impact acrylic denture base resins significantly decreased after water immersion or thermocycling as described above.
INTRODUCTION
Characterizing the failure record of removable dentures, Hargreaves 1) found that 68% of dentures had broken by the end of three years after placement, and Yli-Urpo et al. 2) reported that 28% of dentures underwent repair during the first year of use and 39% required repair during the first three years of use. Fracture of acrylic resin removable dentures occurs both outside and inside the mouth. Failure occurs outside the mouth through impact as a result of dropping the denture, and excessive biting force causes fracture inside the mouth 3) . For maxillary dentures, most fractures are caused by a combination of fatigue and impact, whereas for mandibular dentures, 80% of fractures are caused by impact 4) .
High-impact denture base resins have been introduced, and these materials are supplied in a powder-liquid form and are processed in the same way as other heat-polymerized methyl methacrylate resins. These polymers are reinforced with butadiene-styrene rubber and the rubber particles are grafted to methyl methacrylate to bond to the acrylic matrix 5) . Highimpact denture base resins have been investigated [6] [7] [8] [9] [10] [11] . The ultimate flexural strength 8, 9, 11) , elastic modulus 6, 8, 9) and impact strength 6, [8] [9] [10] [11] of these high-impact denture base resins were studied. Their dimensional stability 7) was also examined. Removable denture base resins typically exhibit considerable plastic deformation before fracture. The plastic deformation beyond its proportional limit permanently alters the dimensions of a removable denture, and it is not clinically acceptable; therefore, some studies evaluated the resistance of denture base resins to plastic deformation under a flexural load [12] [13] [14] [15] [16] . Despite, the flexural strength at the proportional limit of high-impact denture base resin has not been quantified.
A removable acrylic resin denture is subjected to a multitude of conditions intraorally that could alter its dimensions or structural integrity. The moist intraoral environment obviously facilitates water sorption into the denture base resin. Poly (methyl methacrylate) absorbs relatively small amounts of water when placed in an aqueous environment, but this water exerts significant effects on the mechanical and dimensional properties of the polymer 17) . Water molecules penetrate the poly(methyl methacrylate) mass and occupy spaces between the polymer chains, forcing the affected chains apart. The introduction of water molecules into the polymerized mass produces two important effects: first, it causes a slight expansion of the polymerized mass, and second, the water molecules interfere with the entanglement of the polymer chains, thereby acting as plasticizers 17) . Hence, estimation of the effect of longterm water immersion on the mechanical properties of high-impact denture base resins is beneficial for clinical purposes; however, it has not yet been investigated until now.
Denture resins are routinely subjected to thermal stress in the oral cavity, especially during the ingestion of hot and cold food and beverages 11) . It is preferable for high-impact denture base resins to maintain impact resistance. Thus, evaluation of the effect of thermal shock on the mechanical properties of high-impact denture base resins is of significant clinical value. A previous study investigated the ultimate flexural and impact strengths of a high-impact acrylic denture base resin after thermocycling 5,000 times 11) ; however, there is little information to evaluate the effect of thermal shock on the mechanical properties of high-impact acrylic denture base resins.
It is probable that long-term water immersion and thermal shock affect the mechanical properties of highimpact acrylic denture base resins. It was hypothesized that long-term water immersion or thermal shock would affect the mechanical properties of these resins. The purpose of this study was to investigate the effect of long-term water immersion or thermal shock on the mechanical properties of high-impact acrylic denture base resins.
MATERIALS AND METHODS
Two high-impact acrylic denture base resins were selected for the study, and a conventional acrylic denture base resin was used as a control ( Table 1) .
The flexural properties and Charpy impact strength of the denture base materials were measured according to ISO 1567 18) and ISO 1567: 1999/Amd 1: 2003 19) .
Flexural properties
The specimens of each denture base resin tested were fabricated according to the manufacturers' instructions in gypsum molds with cavities (65 mm long×10 mm wide×3.3 mm high). Each specimen was polished with 600-grit SiC paper. The accuracy of the dimensions was verified with a vernier micrometer (KSM15FF, NAKAMURA MFG, Tokyo, Japan) at three locations for each dimension to within a 0.05-mm tolerance for width and height. The specimens of each denture base resin were divided into three groups. Before testing, one group was stored in 37°C distilled water for 50 h, another group was stored in 37°C distilled water for 180 days, and the third group was thermocycled between 5 and 55°C water in 1-min cycles for 50,000 cycles. Ten specimens were fabricated per group.
The flexural strength at the proportional limit [12] [13] [14] [15] [16] and the elastic modulus of the specimens were tested. Each specimen was placed on a 50 mm-long support for three-point flexural testing. A vertical load was applied at the midpoint of the specimen at a crosshead speed of 5 mm/min on a load testing machine (ASG-J, Shimadzu, Kyoto, Japan).
The flexural strength at the proportional limit (MPa) was calculated according to the following formula:
flexural strength at the proportional limit=3F 1l/2bh 2 where F1=the load (N) at the proportional limit, l=the span distance (50 mm), b=the width (mm) of the specimen, and h=the height (mm) of the specimen. The load at the proportional limit was determined from each load/deflection graph.
The elastic modulus (GPa) was calculated using the following formula:
where F 2=the load (N) at a point in the straight line portion of the load/deflection graph, and d=the deflection (mm) at load F 2.
Charpy impact test
Specimens of each denture base material were fabricated according to the manufacturers' instructions in gypsum molds with cavities 50 mm long×6 mm wide×4 mm high. Each specimen was polished with 600-grit SiC paper, and the accuracy of the dimensions was verified with a micrometer to within a 0.2-mm tolerance for the width and height at three locations for each dimension. A Table 2 Mean and standard deviation (SD) of the flexural properties of the denture base resins (n=10).
Denture base resin Condition
Flexural strength at proportional limit (MPa); Mean (SD) notch (type A) was cut in the middle of each specimen, as described in ISO 179 20) . An edgewise notch was cut to a depth of 1.2 mm, leaving a residual depth of 4.8 mm beneath the notch. The specimens of each denture base resin were divided into three groups. Before testing, one group was stored in a container of water at 37°C for 7 days, another group was stored in 37°C distilled water for 180 days, and the third group was thermocycled between 5 and 55°C water in 1-min cycles for 50,000 cycles. They were conditioned in the container at 23°C for 60 min prior to testing. Ten specimens were fabricated for each group. A Charpy notched impact strength test was carried out on a pendulum impact tester (DC-C, Toyo Seiki, Tokyo, Japan). After conditioning, the specimen was removed from the water and placed on the specimen supports of the testing apparatus. The test span was 40 mm. The specimen was placed with the notch facing away from the point of impact from the pendulum, and then the pendulum was released in order to fracture the specimen. The Charpy impact strength (kJ/m 2 ) of the notched specimen was calculated using the formula:
where J1=the value of energy absorbed by the specimen, J2=the friction energy of the system, b=the depth behind the notch, and h=the height of the specimen.
All the tests were performed under uniform atmospheric conditions of 23.0±1ºC and 50±1% relative humidity.
The Kolmogorov-Smirnov test (STATISTICA, StatSoft, Tulsa, OK, USA) was performed for each group to inquire into normal or non-normal of distribution (p=0.05). One-way analysis of variance (ANOVA) (STATISTICA) was performed if all groups showed normal distribution (p=0.05), and Newman-Keuls post hoc comparison (STATISTICA) (p=0.05) was applied when appropriate.
RESULTS
The Kolmogorov-Smirnov test revealed that all groups showed normal distribution. The one-way ANOVA revealed significant differences among denture base resins for each condition of the flexural strength at the proportional limit, the elastic modulus, and the Charpy impact strength (p<0.05).
For the flexural strengths at the proportional limit, the 50-h water-immersed specimens of ProImpact and Lucitone199 were not significantly different (p>0.05), and the 50-h water-immersed specimens of Lucitone 199 and Acron were not significantly different (p>0.05). The flexural strengths at the proportional limit of ProImpact and Lucitone199 did not change after long-term water immersion or thermal shock (p>0.05), and the strength of Acron significantly decreased after thermal shock (p<0.05) ( Table 2) .
ProImpact and Lucitone199 had a significantly lower elastic modulus than Acron (p<0.05), and the elastic moduli of all of denture base resins significantly increased after long-term water immersion or thermal shock. The descending order of the elastic modulus according to the denture base material, arranged in terms of statistical significance, was: Acron>Lucitone 199>ProImpact (p<0.05) ( Table 2 ).
The descending order of the impact strength according to the denture base material, arranged by statistical significance, was: ProImpact>Lucitone 199> Acron (p<0.05). The impact strength of all of the denture base resins significantly decreased after long-term water immersion or thermal shock (p<0.05) (Table 3) . Table 3 Mean and standard deviation (SD) of the Charpy impact strength of the denture base resins (n=10).
Denture base resin
Condition Impact strength (kJ/m 2 ); Mean (SD) * a or b denotes no significant differences among the denture base resin/condition combination (p>0.05).
DISCUSSION
The hypothesis of this study was partially accepted, and long-term water immersion or thermal shock affected the elastic moduli and the impact strengths of highimpact acrylic denture base resins.
In this study, the flexural strength at the proportional limit was evaluated. In a previous study 21) , long-term water immersion generally decreased the ultimate flexural strength of conventional denture base resins, but long-term water immersion generally did not change the flexural strength at the proportional limit of conventional denture base resins. Consequently, the tendency of the ultimate flexural strength of the denture base resins after six months' water immersion was somewhat different from that of the flexural strength at the proportional limit. The results seemed to indicate that the flexural strengths at the proportional limit of the conventional denture base resins generally tended not to change after long-term water immersion. In this study, the flexural strength at the proportional limit of the two high-impact acrylic denture base resins and the conventional acrylic denture base resin did not change significantly after six months' water immersion; these results were similar to the previous study testing conventional denture base resins after six months' water immersion 21) . Thus, the flexural strength at the proportional limit of the high-impact acrylic denture base resin seemed not to change after long-term water immersion. Likewise, in this study, the flexural strength at the proportional limit of the two high-impact acrylic denture base resins did not change significantly after thermocycling 50,000 times between 5 and 55°C water in 1-min cycles, but the flexural strength at the proportional limit of the conventional acrylic denture base resin significantly decreased after thermocycling. The result for the conventional acrylic denture base resin was similar to the previous study 22) of a conventional denture base resin after thermocycling 50,000 times. In another earlier study 11) , the ultimate flexural strength of a highimpact acrylic denture base resin significantly decreased after thermocycling 5,000 times. The tendency of the ultimate flexural strength of the high-impact acrylic denture base resin after thermocycling was different from the present result for the flexural strength at the proportional limit of the high-impact acrylic denture base resin after thermocycling. Consequently, in this study, the result seemed to indicate that the flexural strengths at the proportional limit of the high-impact acrylic denture base resin tended not to change after thermocycling.
In this study, the elastic moduli of the two highimpact acrylic denture base resins and the conventional acrylic denture base resin significantly increased after six months' water immersion or after thermocycling. These results were similar to the results in other studies for the elastic moduli of conventional denture base resins after six months' water immersion 21) and for the elastic modulus of a conventional denture base resin after thermocycling 50,000 times 22) . As the equilibrium water sorption is achieved in 24 h 5) , the control specimen in the present study seemed to reach water sorption saturation after 50 hours' water immersion. As the denture base resin was immersed in water, soluble constituents such as unreacted monomers, plasticizers, and initiators leached out 23) . The remaining microvoids formed were filled with water molecules through inward diffusion. Both the outward leakage of the soluble constituents and the inward diffusion of water were time-dependent processes. Hence, the relative amount of these molecules within the denture base resin changes over time until equilibrium is reached 15) . Water, plasticizers, and unreacted monomers adversely affected the strength of the denture base resin to different extents because those molecules facilitate the movement of the polymer chains to varying degrees. Thus, the strength of a denture base resin at a given time after water immersion was affected by the relative number of those molecules present 15) . Similarly, the outward leakage of the soluble constituents affected the mechanical properties in this study, and it seemed that the elastic modulus increased. Likewise, the elastic moduli of the two high-impact acrylic denture base resins and the conventional acrylic denture base resin significantly increased after thermocycling in this study. It seems that not only water sorption but also static fatigue caused by thermal stress affected the elastic moduli of the high-impact acrylic denture base resins and the conventional acrylic denture base resin. From these results, it appears that high-impact acrylic denture base resins tend to increase the elastic modulus after long-term water immersion or thermal shock.
The impact strength of the two high-impact acrylic denture base resins and the conventional acrylic denture base resin significantly decreased after six months' water immersion or 50,000 thermocycles in the present study; these results were similar to the results in other studies for the impact strength of a high-impact acrylic denture base resin after thermocycling 5,000 times 11) and for the impact strength of a conventional denture base resin after thermocycling 50,000 times 22) . The reason is also most likely due to water sorption and static fatigue caused by thermal stress, as a result, these affected the impact strength of the two high-impact acrylic denture base resins.
In this study, the elastic moduli of the high-impact acrylic denture base resins increased and the impact strength decreased after long-term water immersion or thermal shock; therefore, they became stiff and brittle. These results indicated that long-term water immersion or thermal shock affected the mechanical properties of high-impact acrylic denture base resins. It is well known that water sorption alters the dimensions of denture base acrylic resins. Under the conditions of the present experiment, long-term water immersion or thermal shock did not change the flexural strength at the proportional limit and increased the elastic modulus of the high-impact acrylic denture base resins. A decrease in the impact strength of high-impact acrylic denture base resins results in brittleness, which is not acceptable clinically. However, no change in the flexural strength at the proportional limit of high-impact acrylic denture base resins means they maintain their resistance to plastic deformation and an increase in the elastic modulus of high-impact acrylic denture base resins causes stiffness, which are both clinically acceptable. Therefore, clinicians should be well aware of the mechanical properties of a high-impact acrylic denture base resin to be sure the denture delivered to each patient is suitable.
CONCLUSIONS
Under the conditions of the present experiment, the following conclusions may be drawn:
1. Long-term water immersion or thermal shock did not change the flexural strengths at the proportional limit of high-impact acrylic denture base resins. 2. The elastic moduli of high-impact acrylic denture base resins significantly increased after longterm water immersion or thermal shock. 3. Long-term water immersion or thermal shock significantly decreased the impact strengths of high-impact acrylic denture base resins.
